Previous investigators have proposed that gelatinase, a metalloproteinase found in neutrophils, is stored in a novel secretory compartment distinct from the two major granule populations, azurophilic and specific. To locate this proteinase in human neutrophils we reacted the cells for peroxidase and then applied monospecific polyclonal antibodies to human neutrophil gelatinase to immunolabel ultrathin frozen sections using an immunogold technique. Gelatinase was localized in a population of peroxidase-negative granules. Double-labeling experiments using antibodies against lactoferrin, a marker for specific granules, and gelatinase demonstrated colocalization of the two antigens in 80% of the specific granules. However, some granules immunostained with only the lactoferrin or gelatinase antibody. Similar techniques were used to examine precursor cells from bone marrow. In myelocytes both gelatinase and lactoferrin were present in large developing specific granules; however, some mature specific granules contained only lactoferrin. Thus, it is possible that lactoferrin synthesis begins earlier than gelatinase synthesis and that overlapping synthesis and segregation occurs during the myelocyte stage. These findings suggest that the main storage compartment of gelatinase is within the peroxidase-negative specific granules.
Introduction
Most cells that express collagenolytic metalloproteinases actively synthesize and secrete these enzymes in response to specific stimuli. In this regard the neutrophil is a unique cell, differentiating within the bone marrow and synthesizing and storing secretory proteins in separate granule compartments destined for later release (1) . During this maturation phase the neutrophil compartmentalizes three proteinases that may be important in the degradation of the collagenous components of the extracellular matrix. These proteinases include elastase, a serine proteinase stored in the primary or azurophil granule (2); collagenase, a metalloproteinase stored in the secondary or specific granule (3); and gelatinase, a metalloproteinase that has been proposed as a marker of a third granule compartment, the C particle compartment (4) .
Although each of these proteinases has different substrate specificities and unique secretion characteristics (5) , attention has focused on the tentative localization of gelatinase to a novel secretory compartment. The existence of this unique compartment has been suggested by the studies of Dewald et al. (4) , which demonstrated that gelatinase was detectable in the extracellular milieu in response to stimuli that were incapable of inducing significant release of B12 binding protein, a component of specific granules. Thus, the concept of a separate storage compartment whose contents are destined for secretion into the extracellular environment has been proposed (4) . As this compartment has been defined solely on the basis of subcellular fractionation (4, 6) and functional studies (4) (5) (6) it was of interest to define this compartment morphologically.
We previously reported the purification of human neutrophil gelatinase and the preparation of monospecific polyclonal antibodies to this proteinase (7) . We have used these antibodies to immunolocalize neutrophil gelatinase. Our results suggest that factors other than simple compartmentalization may be important in understanding the different secretion characteristics among various granule proteins.
Methods
Preparation ofneutrophils. Human blood leukocytes were isolated by dextran sedimentation (8) . After washing with PBS and centrifugation at low speed to remove the contaminating platelets (9) leukocytes were immediately fixed for electron microscopy. Bone marrow was obtained from the ribs of hematologically normal patients undergoing cardiothoracic surgery.
Antibodies. Gelatinase antibodies were prepared by immunization of either the 92-kD form of neutrophil gelatinase isolated by preparative gel electrophoresis (7) or the native purified proteinase. Both antibodies demonstrated identical immunostaining patterns and neither antibody was found to react with neutrophil collagenase in immunoblotting or immunoprecipitation experiments. Purified IgG was obtained by affinity chromatography on protein A-Sepharose (10) .
To further assure the specificity ofthe antibody the gelatinase antiserum was affinity purified using the technique of Olmstead (I 1). In brief, the purified antigen was electrophoresed on an 8% polyacrylamide gel and transferred to nitrocellulose by Western blotting. The area corresponding to the 92-kD form of gelatinase was identified by aligning strips cut from the original nitrocellulose on which the proteinase had been immunologically demonstrated. This area was cut into 1-mm squares and used as a solid-phase absorbent to affinity purify the antibody. After blocking any additional protein binding sites by incubation with 3% BSA the squares were incubated with the antiserum for I h at room temperature and overnight at 4°C. The Gel electrophoresis and immunoblotting. SDS-PAGE was performed by the method ofLaemmli (12) . Western blotting and developing were performed as previously described (7) using a biotin-avidin amplification system to enhance sensitivity (Vectastain; Vector Laboratories, Inc., Burlingame, CA).
Immunoprecipitation. PBL from patients with chronic myelogenous leukemia were isolated from buffy coat preparations, washed with PBS, cultured in methionine-free Dulbecco's MEM in the presence of 50 ,Ci/ml [35S]methionine for 4 h, and then incubated with either buffer, 10 ng/ml phorbol myristic acetate (PMA)' or 10-' M FMLP for 15 min. Culture supernatants and cell lysates were prepared and analyzed as previously described (5) . We have previously demonstrated that monocytes/lymphocytes secrete no gelatinolytic proteinases under these conditions (7) . Gelatinase was immunoprecipitated from culture supernatants and NP-40 (0.1% wt/vol) cell lysates as previously described ( 13) .
Electron microscopy. The cells were fixed in 2% paraformaldehyde-0.05% glutaraldehyde in 0.1 M PBS, pH 7.4, for I h at 220C. They were washed in phosphate buffer, in some cases incubated for peroxidase (14) , and processed for frozen thin sections. In brief, after washing the fixed cells in 0.1 M phosphate buffer containing 5% (wt/ vol) sucrose the cells were then infused with 2.1 M sucrose in PBS for 30 min, embedded in the same solution, and frozen and stored in liquid nitrogen. The frozen thin sections were prepared using a Reichert Ultracut E microtome (Cambridge Instruments, Inc., Ossining, NY). The techniques described by Tokuyasu (15) with the modifications described by Griffiths et al. (16) were then used. The primary antibody for gelatinase was used at a dilution of 1:250-1:500, or the lactoferrin antibody was used at a dilution of 1:500. Immunogold probes, goat anti-rabbit-5, protein A-5, and protein A-10 (Janssen Pharmaceutica, Beerse, Belgium) were used at dilutions of 1:50 and 1:20, respectively. Gelatinase antibody preparations include antibodies isolated against material isolated on preparative gels, the native purified antigen, and affinity-purified antigen. Controls included the use of preimmune IgG or nonimmune rabbit antisera or buffer in place ofthe immune Ig. Double-labeling experiments to colocalize gelatinase and lactoferrin were performed using protein A as described by Slot and Geuze (17) . The antibody against gelatinase was applied and labeled with protein A-5. Before the secondary antibody was applied free protein A (0.05 mg/ml) was applied. Subsequently, antibodies to lactoferrin were applied, followed by protein A-I0. The grids were then stained with uranyl acetate and embedded in methylcellulose.
Results
In previous studies we reported the purification of neutrophil gelatinase (7). The enzyme purified to a high specific activity was found to consist of three polypeptides (Mr = 225,000, 130,000, and 92,000) under nonreducing conditions and a single protein (Mr = 92,000) upon reduction. All species were immunologically crossreactive and demonstrated identical substrate specificities. The purified protein was used to develop monospecific polyclonal antibodies to this proteinase. Fig. 1 A demonstrates the specificity of the antibodies against gelatinase (panel a) when tested by Western blotting against either Triton X-100 extracts of unstimulated neutrophils (5 X I05) (lane 1) or the secretory products of cells after stimulation with PMA for 15 min at 37°C (lane 2). Only the three secretory forms of gelatinase previously demonstrated are seen (7) . The reaction pattern was identical whether the antibody used was obtained by immunization with the antigen obtained by preparative electrophoresis, by immunization with the native proteinase, or by antibodies against the native antigen that were affinity purified or crossabsorbed with neutrophil collagenase. investigators (i8, 19) . Fig. 2 demonstrates the immunogold staining on a frozen thin section ofa neutrophil after incubation with the gelatinase antibody. Small gold particles are noted in a major granule population that morphologically resembles specific granules. The azurophil granules were partially solubilized so that they appear electronlucent in areas. Such solubilization was noted in other studies using this technique (20) . Despite this phenomenon it is important to note that no antigen is detected in the azurophil granule population. The studies of Ganz et al. (20) showed that despite partial solubilization of the granule contents antigens localized there remained detectable.
ag
To clearly identify the azurophil granules, the neutrophils were reacted with 3,3-diaminobenzidine in the presence of H202. Under these conditions the azurophil granule contents were well preserved and appeared dense (Fig. 3) . When such sections were incubated with gelatinase antibody followed by immunogold labeling, the antigen localized in a major peroxidase-negative specific granule compartment; -90% of the peroxidase-negative specific granules labeled with gold. No staining was seen when normal rabbit antisera or preimmune IgG was used instead of the anti-gelatinase IgG. The identical localization was obtained when affinity-purified antibody was used, although fewer gold particles were seen.
While these results suggest that gelatinase was localized in the specific granule compartment, studies were undertaken to colocalize it with a known marker of this compartment, lactoferrin. A previous study (21) showed that lactoferrin was present in 80-90% of the peroxidase-negative specific granules. In this study the sections were first reacted with the gelatinase antibody followed by protein A-gold-5, and then incubated with the lactoferrin antibody followed by protein A-gold-10. If the lactoferrin antibody was omitted or nonimmune serum was substituted, no staining with the larger protein A-gold particles was noted. As seen in Fig. 4 , both the large and small gold particles localized to 80% of the specific granules, indicating colocalization of lactoferrin and gelatinase. Although the majority of the granules contained both antigens, there were some granules that only stained with one size of gold particle. More precisely, counts were made on 305 peroxidase-negative specific granules and colocalization of small and sg ag I 2 pm Figure 2 . Neutrophil gelatinase localization in a portion of cytoplasm from a human neutrophilic leukocyte, fixed, frozen thin-sectioned, incubated with antibody to gelatinase, and immunolabeled with goat anti-rabbit-5. The latter possibility is suggested by the differential compartmentalization of the two antigens in maturing myeloid precursors. As would be anticipated for a specific granule component, gelatinase was found in the Golgi cisternae and adjacent Golgi vesicles of neutrophilic myelocytes (Fig. 5 b) . Interestingly, lactoferrin alone was noted in the mature specific granules, while both gelatinase and lactoferrin were found in the larger, immature specific granules (Fig. 5 a) . In more mature neutrophils from the same specimen (Fig. 5 c) colocalization of gelatinase and lactoferrin in the specific granules appeared similar to that seen in peripheral blood. These findings suggest the possibility that there may be sequential, partially overlapping synthesis of some of the components of specific granules.
Discussion
Gelatinase is an important member of the proteinase system that is involved in degradation of the collagenous components of the extracellular matrix. In the context of the neutrophil it acts together with neutrophil collagenase and the serine proteinase, elastase, to degrade all the major components of the extracellular matrix. The rapid accessibility ofgelatinase to the extracellular environment suggests that it may be an attractive candidate for a role in the degradation of type IV collagen during the physiologic migration of the neutrophil to sites of inflammation (22) .
Much of the interest in this proteinase has focused on its rapid accessibility to the extracellular environment. Functional studies examining the release of gelatinase have suggested that it is secreted in response to stimuli such as fluoride (23) and FMLP (4, 6) under conditions where minimal amounts of traditional specific granule markers are expressed. These studies have been reinforced by granule fractionation studies that have suggested that gelatinase is stored in a less dense granule compartment than the specific granule (6, 23, 24) .
Perhaps the most striking characteristic of this compartment is its temperature-dependent lability (4, 23) . This translocation phenomenon has also been reported for complement receptor type I (25), complement receptor type 3 (25, 26) , decay accelerating factor (27) , and alkaline phosphatase (24) . Interestingly, subcellular fractionation studies suggest that these proteins are stored in different compartments ranging from a compartment similar in density to the plasma membrane (alkaline phosphatase) to the specific granule (complement receptor 3). Thus, secretory characteristics do not necessarily correlate with the storage location. Our studies clearly indicate that gelatinase is a component of a major granule peroxidase negative compartment. Its colocalization with lactoferrin clearly suggests that gelatinase is a component of the morphologically defined specific granule compartment. While a lack of staining does not exclude the possibility that some gelatinase may be stored in other compartments, it does appear that the major storage compartment for this enzyme is the specific granule.
One potential explanation for the discrepancy may be related to the functional assay. Our previous studies (5) and those of others (6, 23) (29) . Concomitantly, gelatinase may be activated and detected more readily after exposure to oxidants (30) . Thus, B12 binding protein secretion may be underestimated while gelatinase secretion is overestimated. Despite the apparent discrepancies using functional assays, studies using antibody probes for the detection ofgranule constituents have correlated with localization data. The complement receptor type 3 which is identical to the leukocyte adhesion receptor designated Macl or Mol is translocated to the neutrophil cell surface in parallel with gelatinase secretion (23) . This molecule has been shown to be an integral membrane protein ofthe specific granule by cell fractionation studies (25, 31) and has been localized to the specific granule membrane in ultrastructural studies (21) . Thus, our studies indicating a primary localization of gelatinase to the specific granule compartment are consistent with the functional, cell fractionation, and localization studies of leukocyte adhesion proteins.
It is possible that there is a continuum of packaging of granule constituents during the myeloid development. A similar phenomenon has been reported in pancreatic secretory granules (32) . For example, lactoferrin could be synthesized during the early-and mid-myelocyte stages, whereas gelatinase could be produced in the mid-to late myelocyte stages. This possibility is suggested by the lack of total colocalization of gelatinase and lactoferrin and by the differences in the contents of mature and developing granules at the myelocytic stage of differentiation. The latter findings suggest that the contents of specific granules may be determined by the actual proteins being synthesized at the time of granule formation. This hypothesis is reinforced by the recent studies of Fouret et al. (33) which demonstrated sequential overlapping transcription of myeloperoxidase, elastase, and lactoferrin genes. Thus, it is conceivable that there may be microheterogeneity within the morphologically defined specific granule compartment.
While there are apparent differences between the localization data and the functional studies, it is clear that gelatinase localizes primarily in a peroxidase-negative granule compartment that morphologically resembles the specific granule. A separate tertiary granule compartment was not identified. However, another compartment has been recently identified by labeling with human lysosomal membrane glycoproteins. This novel compartment is composed of small and large vesicles and multivesicular bodies (34) . Additional studies using immunologic and/or in situ hybridization methods of developing neutrophils in conjunction with more traditional functional studies should enhance our understanding of granule composition and heterogeneity.
